© Versita Sp. z o.o. Chemical analysis of various biological matrices is routinely used for assessment of human exposure to various toxic metals. In this work, 489 samples of urinary calculi originating from almost the whole of The Czech Republic, were collected and subjected to mineralogical and elemental analysis. This study was aimed at mercury, the content of which was determined using thermo-oxidation -cold vapor -atomic absorption spectrometry. The effects of mineralogical composition, sex, age and region were recorded in order to verify the applicability of urinary calculi for biomonitoring. Relationships with other minor and trace elements were also investigated. Association of mercury with whewellite mineral was observed as well as a remarkable relationship with selenium, confirming the role of selenium in mercury excretion. No statistically significant effect was observed on the mercury content in stones with regard to the sex or region. Median values in age groups follow a trend with the maximum median value 0.365 mg kg -1 in the group of 41 -50 year old donors, decreasing to 0.060 mg kg -1 for the oldest group (81 -92 years). Our results confirm that urinary calculi can be helpful in providing complementary information on human exposure to mercury and its excretion.
Introduction
Urinary calculi are products of the pathological biomineralization process in the urinary system. Urolithiasis is a frequent disease. There were 22028 patients (13 399 males, 7 629 females) hospitalized in The Czech Republic in 2009 with this diagnosis [1] . Urinary stones consist of about 40 components [2] . The most frequent components are calcium-oxalate (65.2%), phosphates (18.3%) and uric acid (8.7%) [3] . Most of stones are mixtures of two or three components. This disorder has a multifactorial reason of origin and is determined by the physico-chemical conditions of the urinary system.
The effect of different factors on calculi formation has been investigated in several publications; for example, the effect of metals in organisms among others. Occurrence of minor elements (metals) and calculi and the mechanism of their formation in organisms has been studied for more than 35 years [4] . Content of metals in calculi is usually determined and the impact of different factors on the relation of metals and calculi formation is then analyzed [5] [6] [7] [8] [9] [10] [11] . Some elements seem to be protective (Zn, Mg) but on the other hand, several elements promote formation of some types of urolithiasis, e.g. Fe and Cu [12] . Minor element content in calculi is then explained by its intake from food, metabolism, and the effect of the environment. Results concerning the effect of metals on calculi formation are, however, not unambiguous, and in some cases, conclusions are contrary.
For some elements correlation between element content and mineral content has also been reported [5, 11, [13] [14] [15] [16] [17] . This fact then complicates interpretations of metal content in calculi of different mineralogical composition. Toxic metals at trace levels cannot obviously be considered as urolithiasis promoting factors. Their content in calculi would reflect contamination of the organism by this element rather than other factors. In such a case, calculi can be used for biomonitoring similar to other biological matrices, including blood, urine, hair, teeth etc. [18] . We can suppose that the mercury content in urinary calculi will reflect its concentration in urine due to the fact that urinary calculi are produced from urine components and, consequently, they are in permanent contact with urine until they are excreted or removed. In such cases the content of trace metals in calculi can reflect long-term exposure of the organism in comparison to concentration of metals in urine which is more related to recent body status.
In the present work, results of chemical analysis of 489 calculi samples were investigated in order to identify possible association of mercury with minerals and to verify the applicability of calculi for biomonitoring. The effect of sex, age and region on mercury in urinary stones is presented for the first time. Regional distribution of tested samples covered almost the whole of The Czech Republic. The relationship between mercury content in calculi and other biological matrices are also discussed.
Experimental procedure

Samples
489 samples of urinary calculi were obtained by a laboratory specializing in urinary stone analyses in Brno. Materials which originated from hospitals in The Czech Republic was collected during 2009-2010. Samples weighing more than 50mg were selected. The samples were washed in distilled water, dried at ambient temperature and homogenized in agate mortar. Samples with a known composition based on infrared spectroscopic analysis (whewellite, uric acid, apatite, struvite) were selected for further investigation. Available information on these samples (sex, year of birth, catchment area of hospital) was used in data processing. Rare types of minerals were not included in this study.
Analytical procedures
Calculi samples were analyzed for mercury content using an AMA-254 mercury analyzer (Altec Ltd., Czech Republic). This analyzer is based on thermo-oxidation of samples in a solid state, followed by pre-concentration of mercury vapors in a gold amalgamator and final quantification of mercury vapors by atomic absorption at 254 nm. No sample digestion is required. Thus the analytical procedure consists of weighing powdered, homogenized samples (sample weight 20 -30 mg) on a nickel boat and placing it into the analyzer. Validation parameters of this methodology were verified before analysis of calculi samples. Accuracy of the method was verified using the set of matrix reference materials of biological (DORM-2, BCR-463) or mineralogical (ERMCC580) origin. Repeatability and reproducibility was determined using the set of real calculi samples and the relative standard deviation was lower than 3%. Limit of detection was estimated to be 0.0001 mg kg -1 . Additional elements were determined in digested samples (25 mg of the sample + 2 mL HNO 3 + 0.2 mL H 2 O 2 in PFA beaker on hot plate) using inductively coupled plasma mass spectrometry. Analysis of the sample solution was performed using an Agilent 7500ce ICP-MS (Agilent Technologies, Japan) employing a collision cell in He-mode in order to minimize the effect of polyatomic interferences on the results. Using this method, major elements (Ca, P, Mg) and minor elements (Na, Al, K, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Zr, Mo, Cd, Sn, Sb, Ba, Pb) were quantified.
Mineralogical composition of calculi samples was determined in routine laboratory for medicine samples. Each powdered sample was mixed with potassium bromide and pressed into pellets (13 mm). A Nicolet Avatar 360 FTIR spectrometer (Thermo Scientific, USA) and OMNIC software (Thermo Nicolet Corporation, USA) were used for analysis and interpretation of data.
Statistic analysis
Box-Cox transformation of data was applied to the data due to non-normal data distribution [19] . QC-Expert 3.2 statistical software (TriloByte Statistical Software Ltd. 2012) was used for data processing.
Results and discussion
Sample set description and comparison of mercury content
The sample set of urinary calculi analyzed contained 489 samples and was classified according to its mineralogical composition determined by IR spectrometry. The most common group of samples consisted of pure whewellite (calcium oxalate dihydrate) and contained 358 (73.2%) stones. The second largest group consisted of pure uric acid stones with 96 samples (19.6%). 35 samples (7.2%) belonged to a group of various two, three or four-component stones which contained mixtures of whewellite, uric acid, apatite and/or struvite. The age of the donors ranged from 20 to 92 years with median and mean value 62 and 61 years, respectively. The ratio between females and males was 30:70. Samples were taken from hospitals in different regions covering almost the whole of The Czech Republic. The most abundant samples were from the South Moravian region (n = 98, 20%, labeled as B) and Moravian-Silesian region (n = 64, 13.1%, labeled as T). Remaining regions comprised between 7 and 32 samples (1.4 and 6.5%). Details can be found in the corresponding chapter below. The main source of mercury exposure to an organism is through food. Especially fish food can be rich in mercury in some cases. According to [20] 97% of mercury in organisms can be ascribed to the consumption of fish. The next important source of mercury in a non-professionally exposed population is the amalgam in tooth fillings. Mercury is then excreted primarily by the kidney through urine [21] , and by the gut or by the oral mucous membrane [18] . As a result, mercury content in calculi should reflect exposure of an organism to mercury. However, the incidence of mercury in urinary calculi has not been systematically investigated yet. As far as we know only two papers reported some work on mercury occurrence in urinary stones [5, 6] . Mercury levels in smoker and non-smoker urinary calculi samples have been reported in [6] . In their work no difference between these two groups was found. Median values were estimated to 0.0127 mg kg -1 for non-smokers and 0.0128 mg kg -1 for smokers. The median content of Hg reported by Słojewski et al. [6] is lower compared to our results. In our study the median for whewellite stones was 0.157 mg kg -1 and for stones of uric acid it was 0.024 mg kg -1 . 
Association of mercury with minerals
The applicability of urinary calculi for biomonitoring and any comparison of results would be affected by the association of this toxic element with certain kinds of minerals. Eighteen samples in our set contained various phosphate minerals (struvite, apatite, brushite). Because several elements are known to associate with phosphate minerals [11, 17] , correlation of mercury content with phosphorus content was investigated (see Fig. 1 ). Three groups of calculi samples can be differentiated using phosphorus content. Stones consisting of pure uric acid contained traces of P (content < 0.1%). Whewellite stones are associated with minor P content > 0.1%. The last group of phosphate stones contains more than approximately 3% of P (i.e., phosphate mineral content > 20%). Moreover whewellite can frequently be found in a mixture with apatite, thus this group of stones cannot unequivocally be distinguished from the group of whewellite. Only 8 samples consisted of more than 50% of phosphate minerals, which numerically is not suitable for further statistical testing of the difference between mineral groups. Nevertheless, our results show that there is no significant association of mercury with phosphate minerals (when compared to e.g. zinc or strontium -results are not presented herein).
Because of insufficient numbers of pure phosphate stones, only samples of pure whewellite and uric acid stones were statistically tested for the difference in Hg content. Pure whewellite and uric acid stones together accounted for 92.8% of the samples. Values for Hg content in these groups of calculi are shown in Fig. 2 . Values were statistically compared using the t-test for transformed data and the difference in mercury content was found to be significant (p < 0.001).
Our analyses demonstrate that whewellite (calcium oxalate monohydrate) tends to have significantly higher content of Hg than uric acid stones (Fig. 2, p < 0.001) . The median for whewellite is almost 7 times higher than that for uric acid. It cannot be attributed to differences in sex, distribution and region of origin of uric acid and whewellite stones (explained further in the text). It is obvious that 12 samples with elevated levels of mercury Hg > 2 mg kg -1 can be found only in whewellite stones. Słojewski et al. studied the correlation between stone components and trace metals on the same data set as in [6] and published later [5] . They found no correlation of Hg to calcium oxalates, calcium phosphates, uric acid, magnesium phosphates, phosphate salts and calcium salts. This is somewhat in contrast with our results. Identically there was no association of mercury with phosphate minerals in our sample set, but elevated mercury content was proved for whewellite stones.
Association of mercury with other stone components
The interrelation between content of mercury and other minor or trace elements was investigated. The most noticeable relation was found between the content of mercury and several trace elements (Se, Fe, Sr, Pb, Mo, Ba, Sn) even though the correlation was not statistically significant (Pearson R < 0.2). Their elevated content is associated with the same mineral as mercury, i.e., whewellite (Fe, Mo, Sn), or with calcium phosphate minerals (Sr, Ba, Pb), which is frequently found along with calcium oxalate stones.
A remarkable relationship was found for selenium. Two groups of samples can be distinguished in the correlation graph -the group of samples, where the content of Hg and Se correlate, and the second group, where no correlation can be observed (see Fig. 3 ).
Samples with elevated Hg contents (more than 2 mg kg -1 , 12 samples) exhibit obvious dependence on Se. This can indicate formation of a complex of Hg with selenium compound which is used by organisms for detoxification of mercury and further excretion in urine [22] . Chen et al. [23] found a correlation between Hg and Se concentrations in urine of Hg-exposed individuals. Within their group the molar ratio of Se:Hg in urine was (0.7 ± 0.6). We found a similar ratio (0.7 ± 0.2) for calculi samples with Hg content > 2 mg kg -1 , i.e., for samples of Hg-exposed individuals having more than 10 times higher Hg content for the median value. Apparently this Se:Hg complex is consequently associated with stone material. This observation supports the hypothesis of mercury-induced selenium deficiency in mercuryexposed individuals [22] . There were no high-mercury low-selenium stones in our sample set indicating that mercury can only be excreted in complex with selenium and for successive excretion of mercury (or more exactly -excretion of this complex) sufficient amounts of selenium is required in the body. The group of 5 samples with high Se and low Hg content in calculi (i.e., not correlating, Hg < 1 mg kg -1 , Se > 3 mg kg -1 ) can belong to individuals with a high Se uptake either in food or in food supplements, but with minimal mercury load. Moreover, selenium can be associated with minor content of sulfur containing metabolites of proteins which could be present in matrix of stones. Incidence of selenium in cystine calculi has already been reported [11] and is presumably due to analogous cystine and selenocystine chemistry. 
The effect of sex, age and region
For considering differences in Hg content related to sex, data was evaluated separately for uric acid and whewellite because of the significant effect of mineral type on Hg content. Values for Hg content in calculi originating from females and males related to uric acid and whewellite are shown in Fig. 4 . Values for females and males were statistically compared using ANOVA (Analysis of Variance) for transformed data and the difference in mercury content was not found significant (p = 0.90 for uric acid, p = 0.41 for whewellite).
As far as we know this is the first study on Hg content in urinary stones across the sexes. Differences in stones originating from the different sexes can be compared further by examining urine and blood levels of the adult population in The Czech Republic. Data was taken from The National Institute of Public Health (NIPH) of The Czech Republic. NIPH monitors levels of selected heavy metals in blood and urine of Czech residents. Annual summary reports from 1998 to 2010 are available on-line at http://www.szu.cz/topics/ environmental-health/environmental-health-monitoring in Czech and English language. A summary from the annual reports can be found in work of Spevackova [24] . Authors found that the content of mercury in blood and urine tended to be higher in female than in male but no statistical tests were shown for this conclusion. In an earlier NIPH study Batariova et al. [25] also found significant differences in Hg content in blood and urine of males and females (Kruskal-Wallis ANOVA, p < 0.05). The study was performed on 863 male and 325 female blood samples and 497 male and 160 female urine samples between years 2001-2003. In contrast we did not observe any statistically significant difference between Hg content in urinary stones depending on the sex.
Only whewellite stones were selected for analysing differences in Hg content across the age of donors. Uric acid stones were excluded from the evaluation because of an insufficient number of samples. Also there were no samples of whewellite stones in age group < 30 years. Values for Hg content in calculi across the age are shown in Fig. 5 . Maximum median value was obtained for the group of 41-50 year (median value 0.365 mg kg -1 ) old donors and then contents uniformly fell to value 0.060 mg kg -1 for the oldest donors (80-92 years old group). The effect of age was statistically tested using ANOVA for transformed data and was found to be significant (p = 0.011).
Spevackova at al.
[24] also found no significant alteration in Hg concentrations during years 1998-2009. The content of mercury in whole blood tends to be higher in the older population but detailed data on age distribution in their study were not presented. Batariova et al. [25] reported highest values in a group of 35-58 years old donors. Donors older than 58 years were not involved in their study. We found the highest median of mercury in stones for 41-50 year old donors and then medians uniformly decrease to a value approximately 6 times lower for the oldest donors (81-92 years old group, see Fig. 5 ). The period of stone formation in our study (with respect to the weight and composition) was supposed to be several months to years. The half-life of mercury in human organisms was reported as approximately 70 days depending on Hg species [26] . The only origin of mercury in calculi can be found in urine where mercury is absorbed in a stone matrix. Hence information on mercury concentration is recorded in calculi during stone progress and the analytical result provides a picture of the averaged concentration of mercury in urine (and organism) during the period of stone formation. Elevated mercury levels across the age groups cannot therefore be explained by historical loads and are related to the current body status during stone formation. Research by NIPH revealed a statistically significant difference in blood mercury between people not consuming fish (or consuming fish less than once per week) and those consuming fish once per week and/or more frequently. A positive correlation was also observed for the concentration of mercury in urine and the number of tooth amalgam fillings [27] . Detailed investigation of possible exposure to mercury (professional, fish consumption and dental filling status) for the most contaminated samples of our donors (4 individuals with a mercury content in the range 6.5 -13 mg kg -1 ) revealed that, except for one donor, there is evidence for numerous dental amalgam fillings. Two of them could also have been affected by professional exposure in metallurgy (one is working in a metal foundry and the other in metal cutting).
When considering differences across regions of The Czech Republic, only whewellite stones were again selected. The data is shown in Fig. 6 and Fig. 7 . Differences in data samples were tested by ANOVA for transformed data and no significant differences in mercury content was found between regions in The Czech Republic (p = 0.74). Unfortunately only limited data about differences of Hg blood and urine concentrations are available in the NIPH reports for comparison. In the summary report from 2009 only median values and 0.95 quantiles from 5 towns which belong to region "A","L", "T" and 2 towns from "Z" can be found. Medians in blood are in the range 0.47 to 0.77 μg L -1 for males and 0.50 to 0.98 μg L -1 for females. Median mercury content in urine, standardized by expression per gram of creatinine, was found to be in the range 0.7 to 0.9 μg g -1 [27] . Similar results are also shown in the summary report from 2005 for Hg blood concentration with the difference that the contents are slightly elevated compared to 2009, but there was no noticeable effect of the region in this report.
Conclusions
Mercury is a toxic element whose concentration in different biological matrices is more or less systematically monitored in the population of many countries. These matrices provide a picture of relatively short-term (blood, urine) or middle-term (hair) load on the organism. Furthermore urinary calculi can serve as an indicator of long-term exposure referring to the averaged load of an organism by mercury and its excretion due to an incomparably longer period of stone formation (months, year/s). Our work brings new results from analysis of unbeatably the largest set of samples (489 samples). Comparison of results with previous report on mercury in urinary stone (219 samples in [5, 6] ) is however questionable. Data were not presented in the way we would require for solid appraisal. Also different analytical methodology should be considered -ICP-OES, application of which in determining traces of mercury in stones is somewhat exceptionable. This could result in different conclusions in mercury association to minerals and other trace metals. The content of mercury in our sample set was significantly affected by mineralogical composition of calculi; however, this association was not as significant as it is usually observed for phosphate minerals and other minor or trace elements (e.g. Zn, Sr). For stones of the same mineralogical composition, evaluating the effect of other factors on the mercury content is simplified due to the independence of mercury content on the sexes. The age of donors was proved as a significant factor in contrast to the effect of region. Because complete information on potential mercury exposure (dental fillings, fish consumption, and professional exposition) for all the donors is not available, we cannot state clearly that other factors do not stand in for the age factor. Ascertained interrelation between mercury and selenium in urinary calculi confirms that selenium plays an important role in detoxification of organisms exposed to mercury. However, more research would be necessary for the identification of Se-Hg species in stone, bringing insight into the mechanism of mercury excretion.
